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The histological identification of ductal and lobular carcinoma has
proven to be essential for evaluation of patient prognosis and deter-
mination of treatment (Toikkanen and Jensuu, 1990; Ellis et al,
1992; Eskelinen et al, 1992). Ductal and lobular lesions may
present similar histopathological appearances, as observed in their
mode of invasiveness (Azzopardi et al, 1982). At the same time,
morphometric and stereological methods have shown that changes
in nuclear structure and chromatin patterns are a significant aid to
histological confirmation (Stenkvist et al, 1978; Cornelisse et al,
1984; Dawson et al, 1991; Ladekarl and Sorensen, 1993). Cells of
infiltrating lobular carcinoma are usually smaller than those of
ductal carcinoma, less pleomorphic and have fewer mitotic figures,
whereas infiltrating ductal carcinoma cells have more prominent
nucleoli (Fisher et al, 1975). The tumours also have some differ-
ences in clinical behaviour and in the pattern of metastasis. Lobular
carcinoma is more multifocal and bilateral than ductal carcinoma
(Azzopardi et al, 1982), and patient survival expectancy is usually
better (DiConstanzo et al, 1990; duToit et al, 1991). However,
ductal lesions constitute close to 80% of breast carcinoma cases
(Toikkanen and Jensuu, 1990). Some histological types of in situ
ductal carcinoma have been recognized and subdivided into
comedo, cribriform, solid and micropapillary types on the basis of
architectural pattern, cellular plemomorphism and nuclear hyper-
chromasia (Page and Anderson, 1987; Lagios, 1990).
Characterization of nuclear features by different techniques
is used for the determination of diagnosis and prognosis.
Quantitative estimation of various histopathological parameters
such as two-dimensional estimates of nuclear profile area, nuclear
profile densities and mitotic profile numbers have been shown to
correlate with differentiation and prognosis. Alterations in nuclear
structure are the morphological hallmark of cancer diagnosis.
Nuclear size, shape, chromatin pattern and nucleolar size and
number have all been reported to change in breast cancer (Pienta
and Coffey, 1991). However, heterogeneity in morphology and
biology of tumours belonging to the same classification group has
been found to be a prominent feature of breast cancer (Heppner,
1984; Stoll, 1986).
Ladekarl and Sorensen (1993) found that the mean three-dimen-
sional nuclear size, the mean nuclear profile area and the mitotic
index were all significantly larger in ductal than in lobular carci-
nomas, whereas the mean nuclear density index was smaller in
ductal carcinoma. Yu et al (1995) also identified some distinct
nuclear features useful in the differentiation of infiltrating ductal
and lobular carcinoma.
Spectral morphometry is a newly developed method used here
for the evaluation of histopathological features. This method
provides multipixel spectral information which otherwise is
impossible to obtain. The spectral measurements are based on
Fourier transform spectroscopy, a technique of proven capability
for spectral analysis (Garini et al, 1996a). This technique has
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Summary The spectral morphometric characteristics of standard haematoxylin and eosin breast carcinoma specimens were evaluated by
light microscopy combined with a spectral imaging system. Light intensity at each wavelength in the range of 450–800 nm was recorded for
104 pixels from each field and represented as transmitted light spectra. A library of six characteristic spectra served to scan the cells and
reconstruct new images depicting the nuclear area occupied by each spectrum. Fifteen cases of infiltrating ductal carcinoma and six cases of
lobular carcinoma were examined; nine of the infiltrating ductal carcinoma and three of the lobular carcinoma showed an in situ component.
The spectral morphometric analysis revealed a correlation between specific patterns of spectra and different groups of breast carcinoma
cells. The most consistent result was that lobular carcinoma cells of in situ and infiltrating components from all patients showed a similar
spectral pattern, whereas ductal carcinoma cells displayed spectral variety. Comparison of the in situ and the infiltrating ductal solid, cribriform
and comedo carcinoma cells from the same patient revealed a strong similarity of the spectral elements and their relative distribution in the
nucleus. The spectrum designated as number 5 in the library incorporated more than 40% of the nuclear area in 74.08% of the infiltrating
lobular cells and in 13.64% of the infiltrating ductal carcinoma cells (P < 0.001). Spectrum number 2 appeared in all infiltrating ductal cells
examined and in none of the lobular cells. These results indicate that spectrum number 5 is related to infiltrating lobular carcinoma, whereas
spectrum number 2 is characteristic for infiltrating ductal carcinoma cells. Spectral similarity mapping of central necrotic regions of comedo
type in situ carcinoma revealed nuclear fragmentation into defined segments composed of highly condensed chromatin. We conclude that the
spectral morphometric features found for lobular and ductal cell populations may serve future automated histological diagnostics.
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Correspondence to: Z Malikalready been used in a large number of biological fields. The
subcellular localization of porphyrins in treated cancer cells was
determined using the known fluorescence spectra of the
porphyrins as a marker for tracing (Malik et al, 1996a, 1997).
Nuclear organization in normal erythropoiesis and apoptosis was
studied by the transmitted light spectra of stained cytological
specimens (Rothmann et al, 1997). In addition, a novel kary-
otyping method was developed using the SKY technique (Garini
et al, 1996b) to detect chromosomal abnormalities in solid tumours
(Schrock et al, 1996) and leukaemias (Veldman et al, 1997). This
study is the first attempt to identify and evaluate human tumour
cells using this technique.
The purpose of the present study was to determine spectral
morphometric distinctions between ductal and lobular carcinoma
cells stained with haematoxylin and eosin (H and E) by multipixel
spectroscopy. A comparison between infiltrating and in situ
components of these tumours is also described.
MATERIALS AND METHODS
Twenty-one cases, 15 of which were infiltrating ductal carcinoma
(histological grade II) and six of which were infiltrating lobular
carcinoma, were randomly selected from the surgical pathology
material of the Sheba Medical Center, Department of Pathology.
The material consisted of lumpectomy and mastectomy speci-
mens. The use of grade II tumours eliminated the wide variability
that exists within each group of infiltrating ductal carcinoma.
Histology
Formalin-fixed paraffin-embedded tissues were cut to 4-mm-thick
sections, and all sections were stained by H and E at the same time
under standard conditions. Blocks from previously frozen tissues
were excluded. All sections were reviewed by two independent
pathologists and a diagnosis was made by the criteria described by
the WHO (Scarff and Torloni, 1968; Hartman et al, 1981). The
histological grading was made using the system of Bloom and
Richardson, which considers tubular formation, nuclear pleomor-
phism and frequency of mitoses (Gallager and Hutter, 1978). All
cases were searched for foci of in situ carcinoma using the system
of Lennington et al (1994). Nine out of 15 cases of infiltrating
ductal carcinoma and three out of six cases of infiltrating lobular
carcinoma were associated with an in situ component.
Fourier-transform multipixel spectroscopy system for
microscopy
Systematic random sampling (Gundersen and Jensen, 1987) was
performed on the H and E-stained breast carcinoma cells. The first
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Figure 1 Simplified diagram of the SpectraCube method. (A) The light
emitted from the sample is collected and proceeds to the Sagnac
interferometer, the image is focused on the CCD array, yielding the
interferogram at each pixel. (B) Mathematical transformation of the data into
a spectral image cube by fast Fourier transform. (C) The ‘cube’ appellate
signifies the two spatial dimensions of a flat sample (x and y), and the third
wavelength dimension. (D) A single spectrum may serve for spectral
similarity mapping of the whole image producing a grey scale image based
on the degree of similarity (E)
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Figure 2 Spectral imaging of H and E-stained breast carcinoma cells.
(A–C) H and E-stained cells of in situ carcinoma (solid, cribriform and
comedo respectively). (E–G) Infiltrating ductal carcinoma from the same
cases as in A–C respectively. In situ lobular carcinoma (D) and infiltrating
lobular carcinoma (H). Bar = 8 mmfield of vision was selected randomly and subsequent fields were
adjacent to the first one. Each field was imaged and processed.
Light intensity at each wavelength in the range of 450–800 nm
was recorded for 104 pixels from each field and represented as
transmitted light spectra.
Spectral imaging was performed using the SpectraCube SD-200
(Applied Spectral Imaging, Migdal HaEmek, Israel). The
SpectraCube system consists of an interferometer situated in the
parallel beam between an objective lens (infinity corrected) and a
lens equivalent to an eyepiece, whose purpose is to form an image
on a CCD camera. The light beam passing through the specimen is
split in the interferometer in opposite directions, and is united
again at the exit with an optical path difference (OPD) which is a
function of the angle between the incoming beam and the interfer-
ometer itself. The OPD arises because for non-zero angles the two
beams undergo different optical paths in the beam-splitter. The
inherent mechanical stability of this interferometer allows the
Fourier technique to be successfully applied to the visible spectral
region. The measurement is carried out by recording successive
CCD frames in synchronization with the steps of the motor used to
rotate the collimated beam, so that the instantaneous OPD is
known for every pixel in every recorded frame and can be used in
the fast Fourier transform (FFT) calculation (Malik et al, 1996a,
1996b). During a measurement (20 s), each pixel of the CCD
(512 ´ 512) is collecting the interferogram, which is then Fourier
transformed to give the spectrum (Figure 1).
In spectral imaging, each pixel is actually one of several tens of
thousands of microspectrometers, acting simultaneously and inde-
pendently. As a result, spectral imaging acquires a so-called cube
whose appellate signifies the two spatial dimensions of a flat
sample (x and y), and the third wavelength dimension. The calcu-
lated pixel size in a spectral image is 0.04 mm2. The spectral
resolution (FWHM, full width at half maximum) is 5 nm at
400 nm (12 nm at 600 nm) and the spectral range (more than 5%
response) is 400–1000 nm (Garini et al, 1996a).
Spectral similarity mapping
Spectral analysis of a ‘test set’ of breast carcinoma cells, three
cells from each type of tumour, revealed six different spectral
regions composing the cells: nucleolus, two distinct chromatin
regions of the nucleus, an interchromosomal region, cytoplasm
and a low-density space. To segregate these regions, we used the
spectral similarity mapping function, which calculates the differ-
ences between area-integrals of one reference spectrum with
respect to all the other spectra constituting an image. The compar-
ison algorithm used in this work for similarity mapping is defined
by the following function:
fx,y = (∫ l2
l1 [Ix, y(l)–Io(l)]2 dl)1/2
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Figure 3 Spectral classification of H and E-stained breast carcinoma cells.
(A–C) Spectrally classified images of in situ carcinoma cells, solid, cribriform
and comedo respectively, represented here by a single case for each type.
Each coloured domain represents a spectrally similar region. (E–G)
Spectrally classified images of infiltrating duct carcinoma from the same
cases as in A–C respectively. (D and H) Spectrally classified images of in situ
lobular carcinoma and infiltrating lobular carcinoma respectively
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Figure 4 Spectral library. Six separate spectral groups representing
different regions of the cell were assigned an arbitrary colour: (1) red for
nucleolus; (2) yellow for interchromosomal region; (3) green for cytoplasm;
(4) and (5) are black and magenta, respectively, representing two distinct
chromatin domains, the former less condensed than the latter; (6) orange for
a low-density space. Each spectral group is an average of 24 spectra
sampled from different cellsIx,y is the spectrum of the pixel of coordinates x and y of the image,
as a function of l. The integral stands for an interval over a predeter-
mined spectral range l1 – l2 and I0 is the reference spectrum. The
reconstructed similarity map image was composed of bright and grey
pixels and reveals the degree of similarity between the spectra. The
brighter the pixel, the more the two spectra are alike.
The average spectra of each region, sampled from 24 different
cells, were used to construct a spectral library, and we used each
spectrum in the spectral library as a reference spectrum. Spectral
similarity mapping of a cell produced similarity maps for each of
the spectra in the library. All spectrally similar regions were
assigned an arbitrary colour: reference spectrum 1 sampled from
the nucleolus was assigned red; reference spectrum 2 from the
interchromosomal region, yellow; reference spectrum 3 from the
cytoplasm, green; reference spectra 4 and 5 representing two
distinct chromatin domains, the former less condensed than the
latter, are black and magenta respectively; reference spectrum 6 of
the low-density space was assigned the colour orange. A colour
array was defined for each type of tumour based on the classified
images of the ‘test set’ of tumours. The spectral library served to
scan 120 cells from 15 cases of in situ ductal carcinoma, 72 cells
from nine cases of infiltrating ductal carcinoma, 48 cells from six
cases of in situ lobular carcinoma and 24 cells from three cases of
infiltrating lobular carcinoma (eight cells from each case). The
classified image of each cell was compared with the colour arrays
in order to determine its type.
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Figure 5 Spectral arrays. The area of each spectrally similar region in the nucleus (shown in Figure 3 A–H) was calculated and represented as the percentage
of the nuclear area ±s.e. (A–C) Spectral arrays of the three histological types of in situ carcinoma, solid, cribriform and comedo, represented by a single case for
each type. (E–G). Infiltrating ductal carcinoma from the same patients respectively. (D and H) In situ and infiltrating lobular carcinoma cells respectivelyThe spectral similarity mapping was performed on normalized
spectra to eliminate intensity variations. The variation in dye
concentration was overcome by standardization of all the spectra
files according to a standard spectrum of extracellular matrix. The
spectra of an examined specimen were multiplied by the ratio
between the spectrum of extracellular matrix in a standard stained
specimen and the spectrum of extracellular matrix in the examined
specimen.
RESULTS
Spectral imaging was used to measure the light intensity at any
wavelength over 104 pixels of the different cellular compartments
of breast carcinomas. Figure 2 A–H shows eight cells stained by H
and E, representing areas of infiltrating and of in situ ductal carci-
noma (solid, cribriform and comedo), and of in situ and infiltrating
lobular carcinoma. Chromatin domains in these nuclei are demar-
cated by stain–chromatin complexes seen as multicoloured sites.
The cells of Figure 2 stained by H and E show differences in
nuclear size, structure and chromatin condensation.
The classified spectral map for each image is shown in Figure
3A–H, revealing the distinct spectral regions in each cellular
compartment; each coloured region corresponds to one spectrum
of the library of Figure 4. Thus, the reconstructed images (Figure
4A–H) represent spectrally similar regions with respect to the
reference spectra of the library. The area of all spectrally similar
regions of the nucleus was calculated (Figure 5A–H). The nuclear
area of the in situ solid, cribriform and comedo cells displayed
differing distributions of spectrally similar regions; cells from
different patients displayed distinct spectral characteristics. The
comparison of in situ and infiltrating cells from the same patient
revealed a strong resemblance of the spectral elements and their
distribution in the nucleus (Figure 5A–C compared with Figure
5E–G). The classification maps of in situ and infiltrating lobular
carcinoma reveal an almost identical distribution of spectrally
similar regions for all cells examined (Figure 5D and H).
These findings lead to the determination of some spectral
morphometric parameters. Evaluation of the figures representing
lobular carcinoma reveals that the presence of the spectral arrays 1,
4 and 5 is related to the lobular carcinoma cells, whereas spectrum
2 is related to all ductal cells. Statistical analysis performed on the
spectral arrays 1, 4 and 5 in infiltrating duct and lobular carcinoma
revealed that the spectrum designated in our library as number 5
incorporated more than 40% of the nuclear area in 74.08% of the
infiltrating lobular cells and in 13.64% of the infiltrating ductal
carcinoma cells (P < 0.001). Thus, the difference in the appearance
of spectrum number 5 is statistically significant between the two
infiltrating histological tumours. However, the difference in appear-
ance of spectrum number 1 (above 24% of nuclear area) and spec-
trum number 4 (above 34% of nuclear area) between infiltrating
ductal and lobular carcinoma cells was not statistically significant.
In addition, spectrum number 2 appeared in all infiltrating ductal
cells examined and in none of the lobular cells.
Cells sampled from the central necrotic region of comedo type
in situ carcinoma (Figure 6A) were analysed by the SpectraCube.
Spectral classification distinguished between the distinct regions
comprising the highly condensed nuclei, thus revealing nuclear
breakage into defined fragments (Figure 6B).
DISCUSSION
A novel spectral imaging system was used for characterization of
standard H and E-stained breast carcinoma specimens. Specific
patterns of spectra could be correlated with different groups of
breast carcinoma cells. Nuclear structure and chromatin condensa-
tion in infiltrating ductal and lobular breast carcinoma and in the in
situ component of each were determined.
Previous studies have proven that, besides mitosis counting,
characterization of nuclear features, chromatin structure and nucle-
olus organization are the most important morphometric parameters
for the determination of diagnosis and prognosis of breast cancer
(Cornelisse et al, 1984; Gilchrist et al, 1985; Dawson et al, 1991).
Quantitative estimation of various parameters such as three-dimen-
sional estimates of nuclear mean volume (Ladekarl, 1995), two-
dimensional estimates of nuclear mean area, average area of
chromatin region per nucleus and the number of central chromatin
regions per nucleus have been shown to correlate with differentia-
tion and prognosis in breast cancer (Komitowski and Janson, 1990).
The 3-D reconstruction of nuclear images allows visualization of
chromatin-clustering regions, which were found to correlate with
tumour aggressiveness (Komitowski et al, 1993). The nucleolar
organizing region (NOR) index has recently been re-evaluated and
redefined as a prognostic factor for breast cancer patient survival
(Smith and Crocker, 1988). The use of a single set of variables for
morphometric diagnosis introduces classification errors due to
overlap (Baak and Oort, 1983), which can be overcome by adding
other morphometric parameters such as spectral information of
stain–macromolecule complex distribution in the cell.
The SpectraCube, the recently developed analytical spectral
imaging system can measure transmittance and absorbance spectra
of images studied by light microscopy. By comparing the spectrum
of each pixel in the specimen with a selected reference spectrum,
the spatial distribution of stained macromolecules possessing the
characteristics of the reference spectrum can be determined (Malik
et al, 1996b). Galbraith et al (1980) have shown that the differen-
tial colouration of cell structures can be explained in terms of
varying proportions of dye complex with the macromolecules. By
adopting computerized spectroscopic microanalysis of nuclear
chromatin granularity, Spina et al (1992) showed a significant
distinction between benign and malignant breast cells.
Our technique has advantages over the systems already used for
image analysis. In addition to standard morphometric parameters,
spectra (400–850 nm) are obtained for each pixel of an image,
providing more information than conventional grey scale image
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AB
Figure 6 Spectral imaging of necrotic cells. (A) Cells sampled from the
central necrotic region of in situ carcinoma, comedo type, were analysed by
the SpectraCube. (B) Spectral classification of the distinct regions comprising
the highly condensed nuclei displaying chromatin fragments. Bar = 8 mmanalysis (Stenkvist et al, 1978) even when the latter is used in
combination with colour filters (Wells et al, 1992). The transfor-
mation from a fully coloured image to a grey scale image, in
morphometric methods, introduces some inaccuracy, which is
totally eliminated by the SpectraCube. A coloured image
displaying closely related wavelengths with the same intensity
might appear similar in a grey scale image. However, spectral
imaging differentiates between closely related colours even when
the total intensity is similar and is thus more sensitive and specific.
In the present study, nuclear area classification based on the
spectral similarity of ductal and lobular carcinoma cells of the
breast was accomplished with the use of a spectral reference
library. Lobular carcinoma cells from all cases displayed similar
spectral arrays, whereas variable spectral arrays were obtained
from the ductal carcinoma cells of all patients. The results indi-
cated that spectrum number 5 is related to infiltrating lobular
carcinoma, whereas spectrum number 2 is characteristic for infil-
trating ductal carcinoma cells. However, there was a clear simi-
larity between the spectra of infiltrating cells and the in situ
component of the same patient also known to be similar in mean
size (Ladekarl and Sorensen, 1993). These results correlate well
with previous morphological data (Azzopardi et al, 1982;
DiConstanzo et al, 1990).
We propose a new model for sorting different cell types by iden-
tification of spectral morphometric parameters using a ‘spectral
library’. Distinct patterns of spectra characterize different groups
of cells. We believe that spectral morphometric analysis should
serve as an additional tool for conventional morphometric
methods with respect to the differential diagnosis of ductal and
lobular carcinomas. Spectral analysis is considered to be an objec-
tive tool for characterization and comparison between different
cells in histopathology (Farmer et al, 1996). The combination of
several quantitative histopathological variables obtained by
morphometric and spectral analysis would probably improve the
discriminative ability of the pathologist. We have to bear in mind
that much more work has to be carried out to establish the results.
Systematic random sampling of the whole tumour area can be
more efficient than the present technique. Spectral characteristics
may be of primary importance when the biopsy contains only a
small number of tumour cells, as in a core needle biopsy.
Moreover, spectral imaging can serve for the analysis of different
states of cell death processes such as apoptosis or necrosis, as
shown for the in situ comedo type component.
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